INTRODUCTION
Degenerative changes in the arterial system gradually progress with aging and can be accelerated by certain risk factors. [1] [2] [3] Cardiovascular disease (CVD), associated with vascular aging, has become a major cause of death in worldwide. Therefore, to reduce the risk of CVD or CV events the identification and therapeutic modification of the earliest stages of vascular change before those changes develop into overt CVD is essential. Seeing as arterial stiffness is one of the earliest detectable structural and functional changes of the arterial wall, it has been widely studied and proven to be an independent surrogate marker of overt CVD or future CV events. [4] [5] [6] [7] [8] [9] [10] In the current review, we will discuss the current status of echocardiography in the evaluation of arterial stiffness, especially focusing on methodological aspects.
VASCULAR AGING
To adapt to hemodynamic stress on the arterial wall with aging, the diameter of the artery is enlarged and the thickness of the arterial wall is increased. [1] [2] [3] The degenerative changes of the arterial system with aging are generally categorized into 2 types; atherosclerosis and arteriosclerosis ( Fig. 1) , 11 even though these 2 process may progress simultaneously in many of cases. 12 Atherosclerosis is a chronic inflammatory disease, primarily affecting the tunica intima, resulting in smooth muscle cell proliferation and atheromatous plaques. 13 Atherosclerosis, therefore, is characterized by arterial stenosis that restricts blood flow through the arterial lumen. On the other hand, arteriosclerosis is a degenerative stiffening of the arterial wall, primarily affecting the tunica media, which is also called arterial stiffness. 4, 11 Loss of elastin, the deposition of collagen, and the thickening of the medial layer result in the stiffening of the arterial system. Large population based studies have demonstrated that arterial stiffness is a strong predictor of CVD or CV events not only in the general population, but also in patients with CVD. [14] [15] [16] 
MEASUREMENTS OF ARTERIAL STIFFNESS
Systemic, regional, and local arterial stiffness can be measured by various, noninvasive methods. Pulse wave velocity (PWV), a measure of regional aortic stiffness, is the most widely studied and validated noninvasive method because it is a simple, accurate and reproducible method, and a strong predictor of adverse CV outcomes. PWV is now considered to be the gold standard method of measuring arterial stiffness. 6, 17 However, despite these advantages, PWV does not reflect the degree of arteriosclerosis in the local arterial wall because it is just an indirect measure of regional arterial stiffness. To overcome or compensate for the limitations of PWV therefore, several alternative methods have been studied to evaluate the degree to which arterial stiffness of the local arterial wall has developed. Echocardiography could be a useful tool for this purpose because it allows not only for the direct visualization of the arterial wall, but also a tool for the measurement of blood flow using the Doppler technique.
6,18

LOCAL ARTERIAL STIFFNESS AND ECHOCARDIOGRAPHY
There are 2 prerequisite parameters for evaluating arterial stiffness using echocardiography; the change in blood volume, and the pressure change caused by the volume change. 6, 18 The pressure change (⊿P) can be calculated by measuring systolic (SBP) and diastolic blood pressure (DBP); ⊿P= SBP-DBP. The volume change can be derived from the diameter change of the artery between systole and diastole which can be easily measured using echocardiography. The diameter change (⊿D) can be calculated by measuring the systolic (SD) and diastolic diameter (DD) of the arteries; ⊿D=SD-DD.
To evaluate aortic stiffness, aortic diameters can be measured by M-mode tracing of the ascending aorta at the level of 3-4 cms above the aortic valve from the parastenal long axis view during transthoracic echocardiography ( Fig. 2A) . In the case of transesophageal echocardiography (TEE), aortic diameters can be measured by M-mode tracing of the descending thoracic aorta at each level (Fig. 2B) . To evaluate arterial stiffness of the carotid artery, the diameter changes can be measured by M-mode tracing of the mid-portion of the common carotid artery (Fig. 2C) . 18 After the acquisition of the 2 prerequisite parameters, several useful indices of local arterial stiffness can be calculated using the following formula18; 1) Arterial diameter change (mm)=SD−DD 2) Arterial strain=(SD−DD)/DD 3) Elastic modulus E(p)=(SBP-DBP)/strain 4) Arterial stiffness index =Ln (SBP/DBP)/strain (Ln: natural logarithm) 5) Arterial distensibility=(2×strain)/(SBP-DBP) Noninvasively calculated aortic stiffness index  showed a strong correlation with the invasive measurements of arterial stiffness 19 , and aortic stiffness measured by aortic strain, distensibility, and the stiffness index  which is associated with cerebral infarction 20 and an independent predictor of the progression to hypertension in non-hypertensive individuals. 21 In the previous study, the authors also demonstrated that aortic distensibility showed a significant negative correlation with PWV. 22 In addition to the aortic diameter change, the aortic area change using 2D tracing instead of M-mode tracing was measured and used to calculate the parameters of aortic stiffness (Fig. 3) . Aortic distensibility measured by aortic area change showed better correlation with PWV than aortic distensibility measured by aortic diameter change in our study. We posited that aortic area change instead of aortic diameter change would be a better data-point in calculat-
FIG. 3. Measurement of arterial area during diastole (A) and systole (B).
FIG. 4.
Measurements of pulse wave velocity (PWV) by Doppler echocardiographic recoding of 2 aortic sites. T1: time interval between the peak R wave on electrocardiography and the onset of PW Doppler signal of the descending thoracic aorta, T2: time interval between the peak R wave on electrocardiography and the onset of PW Doppler signal of the abdominal aortic bifurcation. D: distance between the beginning site of the descending thoracic aorta and the just above site of the abdominal aortic bifurcation. PWV can be calculated as (T2−T1)/(D).
ing the parameters of aortic stiffness, because aortic area change can reflect the averaged diameter change in the whole direction of the aorta while the aortic diameter change can reflect the diameter change in a single direction of the aorta. In this respect, 3D echocardiography may be a potentially useful tool for the evaluation of arterial stiffness, 23 but the role of 3D echocardiography in the evaluation of arterial stiffness has not yet been satisfactorily examined until this study.
REGIONAL ARTERIAL STIFFNESS AND ECHOCARDIOGRAPHY
PWV, a measure of regional arterial stiffness measured by tonometry, is generally accepted as the most simple, non-invasive, robust, and reproducible method to determine arterial stiffness and considered as the gold standard measurement in the current estimation. 6 Doppler echocardiography can also be used for PWV measurement. 18, 24 Pulse wave Doppler tracing of 2 given arterial sites and calculating the distance between the 2 given arterial sites is required to calculate PWV. PWV can be calculated as the distance between the 2 arterial sites, divided by the transit time determined by the foot to foot method (Fig. 4) . PWV measurement by echocardiography however, has some methodological limitations compared to PW Doppler tracing since it is a sequential measurement of the 2 given arterial sites, instead of a simultaneous measurement, which is all that is allowed for by the currently available commercial echocardiography equipment. Also, there have been limited data on the usefulness of PWV measurement by echocardiography.
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ARTERIAL STIFFNESS AND 2D SPECKLE TRACKING
2D speckle tracking echocardiography (STE) is a promising new imaging modality not only in the evaluation of myocardial function, but also in the evaluation of myocardial mechanics. 25 STE permits offline measurements of myocardial deformation parameters including strain and strain rate. Some researchers have adopted STE to measure arterial strain as an index of arterial stiffness. [26] [27] [28] [29] The authors first introduced vector velocity imaging STE to measure circumferential strain (CS) of the descending thoracic aorta obtained by TEE (Fig. 5) . 22 Peak CS of the aorta showed good correlation with aortic PWV and intima-media thickness of the aorta in our study. Despite of the usefulness of vascular strain analysis in evaluating arterial stiffness, the results of our study cannot be easily applied to clinical practice because TEE is a relatively in -FIG. 5 . Measurements of circumferential strain of the descending thoracic aorta. Circumferential strain is significantly decreased in old hypertensive subject (B) than in young healthy subject (A).
FIG. 6.
Measurements of global circumferential strain of the common carotid artery. Global circumferential strain is significantly decreased in old hypertensive subject (B) than in young healthy subject (A).
vasive, uncomfortable procedure. To overcome this limitation, STE of the carotid artery has been studied and has demonstrated that global CS of the carotid artery is a useful tool for the evaluation of arterial stiffness (Fig. 6) . 28, 29 In our study, carotid CS, not the conventional carotid stiffness index, shows significant negative correlation with aging and PWV in patients with newly diagnosed, untreated hypertension. 29 Carotid CS also shows strong correlation with aging, PWV, and the Framingham risk scores used in the study of Park et al. 28 Vascular strain analysis by STE, theoretically, seems to be a promising tool in the evaluation of local arterial stiffness, but STE is still only a research tool at this time because there is a lack of normal reference values or outcome data in large population based studies. Large validation studies will be needed to apply this new imaging technique in evaluating arterial stiffness.
CONCLUSION
Arterial stiffness is an important predictor of CVD or future CV events both in the general population and in patients with overt CVD. Because echocardiography allows for the direct visualization of the arterial structure, it usually has been used to evaluate arterial stenosis by atherosclerosis. As shown in the current review. On the other hand, echocardiography could also be a promising tool in the evaluation of arterial stiffness, especially in evaluating local stiffness. Despite the potential benefits, the current status of echocardiography in the evaluation of arterial stiffness is still merely a research tool, because there is a lack of large population based studies evaluating CVD or CV outcomes. Large validation studies will be needed to apply this new imaging technique in evaluating arterial stiffness. Clinicians or investigators should select the method that is appropriate for clinical application and/or research. Seeing as there are many different echocardiographic parameters of arterial stiffness, the potential advantages and limitations of each method should be considered before choosing the appropriate method.
